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ABSTRACT: Hydrogen oxidation reaction (HOR) and hydrogen 
evolution reaction (HER) are both two orders slower in alkaline 
electrolyte than in acidic electrolyte, but no explanation has been 
provided. The first step towards understanding this dramatic pH-
dependent HOR/HER performance is to explain the pH-dependent 
hydrogen binding to the electrode, a perplexing behavior observed 
experimentally. In this work, we carried out Quantum Mechanics 
Molecular Dynamics (QMMD) with explicit considerations of 
solvent and applied voltage (U) to in situ simulate water/Pt (100) 
interface in the condition of under-potential adsorption of hydro-
gen (HUPD). We found that as U is made more negative, the elec-
trode tends to repel water, which in turn increases the hydrogen 
binding. We predicted a 0.13 eV increase in hydrogen binding 
from pH = 0.2 to pH = 12.8 with a slope of 10 meV/pH, which is 
close to the experimental observation of 8 to 12 meV/pH. Thus, 
we conclude that the changes in water adsorption are the major 
causes of pH-dependent hydrogen binding on a noble metal. The 
new insight of critical role of surface water in modifying electro-
chemical reactions provides a guideline in designing HER/HOR 
catalyst targeting for the alkaline electrolyte.  
Despite the broad application of hydrogen oxidation reaction 
(HOR) and hydrogen evolution reactions (HER) in electrochemi-
cal catalysis,1-2 for yet unclear reasons the HOR/HER kinetics on 
noble metals are much slower in alkaline than in acid 
electrolytes,3 which poses enormous challenges in practical appli-
cations. For example, the HOR/HER reaction rate is as two orders 
of magnitude slower in strong base than that in strong acid,3 
which significantly diminishes the overall performance of oxygen 
reduction reaction (ORR)4 and the oxygen evolution reaction 
(OER) in alkaline electrolyte.5-6  
The slow HER rate in base than in acid has been rationalized as 
arising from the faster formation of Had from H
+ than from H2O,
7-8 
or in terms of the change in configurational entropy of the pro-
ton.9 However, none of these explanations are entirely satisfacto-
ry, considering that in HOR Had forms from H2 dissociation with-
out involving H+, but still the activity decreases signiﬁcantly from 
acid to base conditions, and lower activation energy is observed 
for HOR/HER in acid than in base.10-11 Instead, the pH-dependent 
hydrogen binding energy (HBE), derived from cyclic voltamme-
try (CV), is considered to be a more reliable descriptor. For ex-
ample, Shen et al. observed a 0.15 eV increase in the HBE as the 
pH is increased by 13 units, which in turn changes the HOR/HER 
activity by two orders of magnitude.12 However, the underlying 
cause of this pH-dependent behavior is still far from clear. 
The HBE ( ad
H
G∆ ) is typically considered as an intrinsic proper-
ty of each metal with no pH dependence. 13 
2
1
H M M-H
2 ad
+ →                                  (1) 
 
ad 2M-H 1/2H M
( )adHG G G G∆ =∆ − ∆ +∆                       (2) 
However, the electrode surface in an aqueous electrolyte is 
known to be covered with water, and thus it is likely that the 
adsorption/desorption of hydrogen is accompanied by 
desorption/re-adsorption of water,14 
2 2 2
1
H M-H O M-H H O
2 ad
+ → +                        (3) 
ad 2 2 2
*
M-H 1/2H M-H O H O( )
ad
HG G G G G∆ = ∆ − ∆ +∆ −∆            (4) 
Therefore, it is rational to expect that the apparent hydrogen 
binding energy (HBE*, *ad
H
G∆ ), taking into account both the 
intrinsic HBE and the water adsorption energy, exhibits a pH-
dependent behavior.14 Furthermore, one should notice that the 
same values of Us at different pH in the RHE scale are actually 
different in the SHE scale. Very possibly, the variations in Us 
(hereafter, all the Us are for the SHE scale unless otherwise speci-
fied) lead to the changes in water adsorption, which in turn modi-
fies the hydrogen adsorption. Therefore, we suspect that water 
adsorption at different Us are the underlying cause of pH-
dependent HBE*.  
To prove this hypothesis, we need to answer two fundamental 
questions:  
• First, what are the influences of different Us to water 
adsorption?  
• Second, what are the influences of water adsorption 
to HBE*? 
To answer the first question, we carried out QMMD with 
explicit solvent to directly simulate water/Pt (100) interface. We 
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 considered U between +0.29 V to -0.46 V to cover the range of 
experimental condition from pH 0.2 to 12.8 at U = +0.3 V (RHE). 
The work function of water/Pt (100) predicted from QM-MD is -
5.06 eV, which corresponding to U = 0.62 V (taking reference 
SHE as -4.44 eV), close to the experimental potential of zero 
charge (PZC) on Pt (100) of 0.41 V.15 Extra electrons were 
introduced to simulate more negative U, which can be achieved 
by either explicitly introducing sodium (Na) (as shown in Figure 
1b) or combining an implicit solvation model16 on top of explicit 
water leading to the hybrid scheme(as shown in Figure 1c). The 
advantage of the hybrid scheme is that we can continuously con-
trol the work function by introducing fractional charges at explic-
it/implicit interface under Poisson-Boltzmann approximation.16 
For example, we can simulate the work function of 4.73 eV, 4.34 
eV, 4.11 eV and 3.98 eV by introducing extra charges of 0.97e–, 
1.94 e–, 3.06 e– and 3.48 e–, resulting in U = +0.29 V, -0.10 V, -
0.33V and -0.46V. Thus, with both the explicit and hybrid 
scheme, we can carry out QMMD simulations and perform in situ 
analysis at given Us of HUPD from pH 0.2 to 12.8.  
 
Figure.1 The water/Pt (100) interface in QMMD simulations. (a) 
Explicit model (~6 water layers) (b) Explicit + Na+ model (~6 
water layers + 1 Na) and (c) Explicit + Implicit model (~3 water 
layers + Implicit solvation model). The colors are Pt in silver, O 
in red, H in white and Na in green. 
From U = 0.29 V to -0.46V, we observed substantial changes in 
the water adsorption, which is reflected in the distribution of wa-
ter along the z-axis (perpendicular to the surface). Figure 2a 
shows the distribution of water perpendicular to the surface along 
the z-axis (ZDF), in which the first peak of Pt-O is 2.15 Å, only 
0.13 Å longer than estimated Pt-O valence bond of 2.02 Å.17-18 
Thus we suspected that the water molecules within the first peak 
might present chemisorbed characters as observed by Schwarz et 
al.19 As U decreases, the height of the first peak of Pt-O decreases, 
which demonstrates that the electrode with increasing d-electrons 
tends to repel water, thus, weaken water adsorption.  
The weaker Pt-water interaction causes notable reorganization 
of water in the first layer. Figure 2f shows a snapshot of water/Pt 
(100) interface at U = 0.29 V. We highlighted the first layer of 
water in the blue transparent region by plotting the vdW surface. 
We characterize the orientation of water molecule by measuring 
the angle (θ) between water plane and xy plane as shown in Fig-
ure 2c. According to θ, we distinguish water molecules with θ < 
30º or θ > 150º as water parallel to the surface (H2O
=) (although it 
is not perfectly parallel to the surface). We distinguish water mol-
ecules with θ = 90º as water perpendicular to the surface (H2O┴). 
As shown in Figure 3d, H2O˭ is closer to Pt and contributes to the 
first Pt-O peak. At U = 0.29 V, we find 3 H2O˭ as shown in Figure 
2d and 2f (as further confirmed from the distribution of water 
along z-direction as shown in Figure 2b). Thus, the decrease in the 
first peak of Pt-O radial distribution function (RDF) results from 
the loss of H2O˭. Figure 2g shows the snapshot of water/Pt (100) 
interface at U = -0.46 V (pH =12.8). In this case, only one H2O˭ is 
observed (as further confirmed from Figure 2b and 2e). Thus, at 
more negative Us the electron-rich Pt surface both repels the wa-
ter and reorients H2O˭. At even more negative U (such as -0.90 
V), all the H2O˭ disappear, with the only H2O┴ observed (as 
shown in Figure S4). 
 
Figure. 2 The interface structures of water adsorption layers under 
different applied potentials from +0.29 V to -0.46 V. (a) the dis-
tribution of water perpendicular to the surface along the z-axis 
(ZDF) and (b) the number of water (by dividing the interface wa-
ter from 2 Å to 8 Å into 8 slices). (c) Orientation of water mole-
cules [the angles (θs) between water plane and xy plane]. The 
orientation distribution of water molecules that close to surface 
(<3.63 Å) at (d) U = +0.29 V and (e) U=-0.46V (x-axis is angle, 
y-axis is distance to surface and z is the probability). The snap-
shots with atomic details of the interfaces are shown in (f) at U = 
+0.29 V and (g) at U = -0.46 V. We highlight the first layer of 
water by plotting the van der Waals surface of oxygen as blue in 
transparent. The blacked dashed line shows the boundary of simu-
lation cell. We highlight the water with OH parallel to the surface 
(H2O˭) with colored stars. 
The question now is the influence of water adsorption to HBE*. 
To predict the HBE*, we employed Widom insertion (WI) meth-
od20 (the details of the WI calculations are in the SI) to calculate 
the free energies of hydrogen binding on the interface at U = 
+0.29V, -0.01V, -0.10 V, -0.33V and -0.46V. The obtained HBE* 
at different Us can be converted back to pH of 0.2, 5.2, 6.7 10.7 
and 12.8 at U = 0.3 V (RHE). Therefore, we can compare our 
calculated HBE* directly with the experimentally measured pH 
dependent HBE*.12 As shown in Figure 3, the predictions from 
QMMD well reproduce the increase of HBE* as a function of pH. 
The largest deviation between QMMD predictions and experiment 
is less than 0.05 eV, which is already within the accuracy of PBE 
calculations. The slope predicted from QMMD is 10 meV/pH 
Page 2 of 4
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 (more details about data fitting is in SI), very close to 8 to 12 
meV/pH as measured experimentally.12  Thus, without postulating 
of cation or anion effects,21 it appears that water adsorption is the 
dominant cause of the pH-dependent HBE*. 
 
Figure. 3 comparison of apparent hydrogen binding energies 
(HBE*) between QMMD predictions (solid black lines with hex-
agons) and experiment data (scatter symbols) at pH ranging from 
0.2 to 12.8 (bottom x-axis) or U ranging from 0.29 to -0.46 V (top 
x-axis). The experimental data is from the work of Shen et al.12 
The presence of H2O
= could be potentially determined from ex-
perimental measurements, such as ambient pressure X-ray photoe-
lectron spectroscopy (APXPS)22 and attenuated total reflectance 
infrared (ATR-IR) spectroscopy. We have calculated the O1s 
chemical shifts of various H2O molecules near the surface and 
found that the bulk water has O1s from 506.66 eV to 507.36 eV, 
while the O1s for H2O˭ is 507.54 eV. Thus, we predicted -0.18 eV 
to -0.88 eV chemical shift of O1s as guidance to distinguish H2O˭ 
in APXPS experiment. Meanwhile, H2O˭ also exhibits different 
rotation and vibration behavior as compared with bulk water. We 
employed Two-phase Thermodynamic (2PT) model to predict the 
density of state (DOS) of water from QMMD (as shown in Figure 
S10).23 We observe that H2O
= exhibits significant blue shifts in 
both rotation and vibration. For example, we predict ~300 
wavenumbers blue shift of H-O-H bending mode. The entropy of 
H2O
= from the 2PT calculation is 38.06 J/K, about 25% decrease 
than that of bulk water from the PBE-D3 prediction (51.32/K),24 
which indicates that H2O
= is more active and could increase the 
kinetic of Volmer reaction and Heyrovsky reaction.25  
In summary, we carried out full solvent in situ QMMD simula-
tion to explicitly simulate the water/Pt (100) interface at U from 
+0.29 V to -0.46 V, which are equivalent to pH from 0.2 to 12.8 
at U = 0.3 V (RHE). We found that Pt (100) electrode becomes 
more hydrophobic as U decreasing from +0.29 V to -0.46 V, 
which is due to the negative charged Pt (100) tends to repel water 
adsorption. The decrease of water adsorption, in turn, increases 
hydrogen bonding within the monolayer, resulting in 0.13 eV 
increase in HBE*. Assuming the linearly relationship between 
reaction energy difference and reaction energy barrier, a rough 
estimation is 153 times decrease in HER basing on Arrhenius 
equation. The slope of pH-depended HBE* predicted from 
QMMD is 10 meV/pH, very close to the experimental observation 
of 8 to 12 meV/pH. Thus, we conclude that water adsorption is 
the dominant cause of pH-dependent HBE*. From QMMD, we 
found that the change of binding leads to dramatic water reorien-
tations which lead to a -0.18 eV to -0.88 eV change in O1s chemi-
cal shift, and significant blue shifts in surface water vibrations (for 
example, ~300 wavenumbers blue shift of H-O-H bending mode). 
These results show the importance of including explicit solvent in 
QM simulations to correctly describe electrochemical catalysis. 
Thus, for HOR/HER catalysis design, instead of only relying on 
gas phase hydrogen binding calculations, it is equally important to 
consider the water adsorption or surface hydrophilicity which can 
be achieved by alloying or introducing hydrophilic surface groups 
(such as OH). 
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